ABSTRACT: This work analyses projections of agricultural impacts obtained with an ensemble of 10 regional climate models (RCMs) from the European project PRUDENCE, applied to yields of winter and summer crops. Projections were evaluated for 12 sites of the Iberian Peninsula for the 2071−2100 period, taking 1961−1990 as the control period or baseline. Future prospects for agriculture require quantifying the variability and discrepancy between results obtained from the modelling chain RCMs−crop models, i.e. the climate−impact ensemble, as well as the possible benefits drawn from the adaptation strategies of agriculture to the new climate conditions. Consistency within the climate−impact ensemble members was assessed by ranking comparisons of both projected yield impacts and yield changes. Adaptation strategies were simulated for cropping options having low uncertainty projections of yield decrease, as was the case for fully irrigated maize. The consistency between the 10 RCMs per crop and site was classified as generally moderate. Consistency among RCMs was greater both in rainfed and irrigated farming of winter cereals in N-plateau, NE-Valley, NW-Inland, Centre and NE, and very low in maize in the NW-Coast for example. RCM inconsistencies are a source of uncertainty in predicting climate change (CC) impacts on agriculture. Ranking comparisons of yield changes among different sites and cropping options gave even lower ensemble consistency, which shows the difficulty in projecting yield changes resulting from CC. 
INTRODUCTION
Agriculture will be one of the sectors most affected by climate change (CC) because of its dependence on climate and edaphic conditions (Ainsworth & Long 2005 , PRUDENCE 2005 , Easterling et al. 2007 , Tubiello & Fischer 2007 , European Commission 2008 , Iglesias & Medina 2009 ). In their review, Kang et al. (2009) showed that the likely impacts of CC on crop yields vary significantly across regions and between species.
Regional Climate Models (RCMs) have a resolution of 50 × 50 km to 20 × 20 km, and have been calibrated and validated with historical data (PRUDENCE project, Prediction of Regional scenarios and Uncertainties for Defining EuropeaN Climate change risks and Effects, http://prudence.dmi.dk/). In the framework of PRUDENCE, Jacob et al. (2007) compared the Climate Research Unit (CRU) database (Hulme et al. 1995) with the RCM projections. The RCMs enabled the analysis of impacts in small geographic units, allowing a description of the effects linked to the specific features of each site considered. CC effects at a regional scale are still subject to significant errors (Schiermeier 2010) ; thus, RCM comparisons may indicate impact discrepancies as well as concurrences.
The Iberian Peninsula (IP) is characterized by its large variety of climate and orographic conditions in a not very large land extension. Therefore, effects of climate on crops are expected to vary across crops and locations (Ruiz-Ramos & Mínguez 2010 ). Thus it is not possible to describe a uniform impact of CC on the agriculture of a whole country (Guereña et al. 2001 , Moreno 2005 , Iglesias & Quiroga 2007 , Mínguez et al. 2007 . Despite the difficulty in assessing CC impact on European agriculture due to the effect of potential policies, market influence and continuous technological development, there is clear evidence of vulnerability in this sector (Lavalle et al. 2009 ). García & Viladrich-Grau (2009) concluded that CC will raise the price of agricultural land all over Spain, increasing its economic productivity as a result of increased temperatures. Iglesias & Quiroga (2007) showed that aggregated yields in Spain may vary from a 26% increase to a 19% decrease, depending on the CC scenario and time frame.
Climate projections from the various RCMs in combination with crop models, provide yield projections for a large number of sites and cropping options, and enable evaluation of associated uncertainties. There are large differences among RCM projections for the same sites . Our work analyses the consistency among the members of a climate−impact ensemble obtained using 10 RCMs. It also attempts to explain the consequences of RCM inconsistencies in the projection of CC impact on the yields of 2 reference crops used as indicators (wheat, representing winter rainfed and irrigated cropping options; and maize, representing summer irrigated cropping options). Our work complements the results obtained by Ruiz-Ramos & Mínguez (2010) where cropping option and site were studied as uncertainty sources, identifying maximum and minimum uncertainty for both factors. The current work addresses another aspect of the uncertainty: how rankings of yield projections and their changes (impacts) driven by each RCM data (hereafter 'ranking of RCMs'), and therefore ensemble consistency, were affected by cropping option and site. Finally, the effect derived from the implementation of adaptation strategies to reduce negative effects of CC (OECC 2006) was studied for a summer cropping option.
METHODOLOGY

Impact and adaptation projections
The 10 RCMs of the PRUDENCE project that make up the climate ensemble are: HIRHAM (DMI), ARPEGE (CNRM), HadRM3H (HC), CHRM (ETH),
CLM (GKSS), REMO (MPI), RCAO (SMHI), PROMES (UCLM), RegCM (ICTP) and RACMO (KNMI). Eight
RCMs were nested in the HadAM3H while 2 RCMs, ARPEGE and RCAO, used the boundary conditions of the AOGCMs ARPÈGE/OPA and ECHAM/ OPYC4, respectively .
The ensemble of impacts was built by simulating crop yields in various representative agricultural sites of the IP (Mínguez et al. 2007 , Ruiz-Ramos & Mínguez 2010 ) using 2 crop simulation models (CERES-Wheat and CERES-Maize models included in the DSSAT, Decision Support System for Agrotechnology Transfer; Tsuji et al. 1994 , Jones et al. 2003 , using daily climate data from each RCM from the climate ensemble. A complete description of the methodology used for these simulations can be found in Mínguez et al. (2004 Mínguez et al. ( , 2007 and Olesen et al. (2007) . Briefly, the variables used were rainfall, solar radiation, maximum and minimum temperatures, relative humidity and wind speed. The yield was considered an indicator integrating the effects of CC on crops. The ensemble of impacts consists of 10 members per simulated cropping option. One cropping option was irrigated maize representing summer cropping options, while the other was autumn wheat sowings for either winter (with vernalisation requirements) or spring wheat, both rainfed and irrigated, representing winter cropping options. No other limiting factor aside from water in rainfed simulations was considered. Maize and wheat have different photosynthetic systems and growing periods that span different seasons, and thus respond differently to temperature changes and to a rise in atmospheric CO 2 concentration (Ainsworth & Long 2005) . These were used as reference crops, which were employed to assess the performance of a given cropping option in different sites, rather than assessing the CC impact on a particular crop (Mínguez et al. 2007) .
The study was focused on the projections obtained for 12 sites representative of important agricultural areas in the IP (only 6 for winter wheat analysis) (Fig. 1) , as in Ruiz-Ramos & Mínguez (2010) . When ordered from north to south these were: NW-Coast (La Coruña), NW-Inland (Lugo), NE (Navarra), NEValley (Zaragoza), N-Plateau (Valladolid), Center (Madrid), S-Plateau 1 (Toledo), S-Plateau 2 (Albacete), SW-Inland (Badajoz), SE-Coast (Murcia) and SValley 1 & 2 (Córdoba, 2 sites differing only in soil type). For given sites and cropping options, simulations provided potential yields as well as yields under rainfed conditions both for the periods 1961−1990 (control) and 2071−2100 under the SRES A2 IPCC scenario that considers 635−856 ppm CO 2 as future greenhouse gas emissions (Nakicenovic & Swart 2000) . Table 1 shows the weather classification, the main climatic features and the cropping patterns of winter and summer crops in these locations. Crop duration of the cultivated varieties used in the simulations generally increases from south (shorter duration) to north (longer): 150 to 160 d for maize, 220 to 260 d for spring wheat, and 250 to 290 d for winter wheat.
The crop models used in this study have been previously calibrated and validated for various Iberian locations and crops (for southern locations : Mariscal 1993 , Rebollo 1993 for SW, NE, N, S and Centre Plateau: Iglesias & Mínguez 1995; for NW: López-Cedrón et al. 2005 ; for wheat and maize applicable to all IP: Quemada et al. 1997) . Methodology related to the modeling chains (RCM−crop model) and most yield projections have been described in Mínguez et al. (2004 Mínguez et al. ( , 2007 , Olesen et al. (2007) and Ruiz-Ramos & Mínguez (2010) .
Differences between yield projections and impacts among ensemble members: analysis of the ensemble's internal consistency
Projections of yield obtained by each ensemble member were compared using the rank correlation coefficient (Kendall's Tau, τ statistic) to measure the degree of consistency among ensemble members across time period, sites, and cropping options. Ensemble consistency was tested by comparing the annual ranking of yields projected by the 10 RCMs for a particular site, time reference and crop with the ranking of the same 10 RCMs and time reference but for a different crop or site. Because rank comparisons will be made using only 10 pairs, the statistical significance of the τs was set at 90%. Intuitively, if yields obtained with different RCMs for a particular situation (crop and site) rank similarly as others for a different situation (crop or site), then one can conclude that some RCMs will systematically overshoot yield projections while others will underestimate them.
Rankings were drafted in descending order of the ensemble members from greater to lesser yield projection. Ranking of a cropping option and specific ( 1) where n c is the number of concordant pairs; n d is the number of discordant pairs; and n is the total number of pairs (in this case, number of members of the ensemble, 10). In comparing 2 ranks with each other, a concordant pair of 2 cropping options (i, i') is one meeting the following formula:
where Y denotes projected yield; i is the cropping option (1… 5); j is the site (1…12); m is the period (0, 1; control or A2); t is the year (1…29); and h is the RCM (1…10). Discordant pairs are those meeting these criteria:
where sgn x = −1 if x < 0; 0 if x = 0 (x being any bracketed term in Eq. 2), and 1 if x > 0, keeping j, t, and m constant for the cropping options comparison (i, i '). The ensemble's internal consistency was checked with the yields' ranking of the 10 RCMs for a pair of comparable cropping options, year and site. Kendall's τ measures the correspondence of 2 projection rankings arranged in accordance with the estimated yield value. In this way, the statistic will be 1 when there is total correspondence; −1 when both rankings of RCMs are in the opposite order; between −1 and 1, the higher the value of the sta tistic, the greater the degree of correspondence be tween the rankings. With a Kendall's τ close to 1, there are some ensemble members that systematically provide yield values higher than the rest, whereas some members provide lower results than the rest; thus, they get arranged in a similar way in all cases. The consistency of the ensemble was compared both for the present and for the future climate.
From these rankings of RCMs (i.e. yield projections driven by each RCM data), it was possible to analyse the order that every member in the climate−impact ensemble holds in the annual ranking corresponding to every site and cropping option. The frequency of appearance of each ensemble member in the first, middle and end positions in the ranking was also studied.
The same analysis was done using the CC impact or yield change projected by each ensemble member. The difference (in %) in crop mean yields between the present and the future climate (Δ of impacts) was obtained. With these data, a ranking was performed for each site and cropping option, in which ensemble members were sorted based on the Δ value obtained. The study of these rankings revealed which ensemble members projected a higher or lower impact on crop yields for the IP. The consistency of the climate−impact ensemble was also evaluated using the Kendall's τ for different wheat cropping options in the different sites. A concordant pair of 2 cropping options (i, i ') was one meeting the following formula:
and discordant pairs were those meeting these criteria:
where Δ denotes the yield difference (in %) between the control period and future climate; i denotes the cropping option (1… 5); j is the site (1…12); and h is the RCM (1…10). The comparisons were made keeping j constant for 2 different wheat cropping options. Thus, consistency of RCMs was measured both in terms of absolute yield rankings and the magnitude of yield changes projected for CC.
RESULTS AND DISCUSSION
Changes in potential yields
The percentage variation in potential yields between the periods 1961−1990 and 2071−2100 in the 12 study sites is shown in Table 2 , which summarises the impact of the projections analysed in this work. All ensemble models and years are used in the comparisons between both periods. In the case of winter wheat, both for rainfed and irrigated conditions, simulations in southern Spain were not included since this crop is currently not sown there because vernalisation requirements are not fulfilled.
These impacts were widely discussed in Mínguez et al. (2007) and Ruiz-Ramos & Mínguez (2010) , and briefly, showed that maize would be the crop most affected by CC in the Peninsula, with a reduced yield in all the study sites except for the NW-Coast, NWInland and NE (all these sites are in northern areas). This was due to the shortening of the cycle's duration that was not compensated for by the increase in photosynthetic rates under higher [CO 2 ]. Yield variability was greater in the future climate (30 out of 48 instances), but this rate was reduced (16 out of 30) when simulations under irrigation were considered.
Uncertainty related to differences between RCMs
Ensemble internal consistency depending on cropping option and site
The results of the comparison between rankings of yield projections (Tables 3 & 4) correspond to each site and wheat cropping option combination. Since there are 4 cropping options (RSW: rainfed spring wheat); RWW: rainfed winter wheat); ISW: irrigated spring wheat); IWW: irrigated winter wheat), there are 6 possible comparisons. Table 3 includes the results for the current climate (1961−1990) . Each of the 6 cropping comparisons includes 29 yr, and a Kendall's τ was obtained for each year; however, the table only reports the number of τs that are statistically significant (p < 0.1) out of 29, as well as the minimum and maximum among those that are significant. Cells were left blank in Tables 3 & 4 for some locations where rank comparisons were not possible because one element of the pair was not applicable. For instance, only the pair RSW − ISW was relevant in all 6 southern locations in Table 3 (S-Plateau 2, SW-Inland, S-Valley 1, S-Valley 2, S-Plateau 1, SECoast) because winter wheat is not sown in the south of the IP.
The comparison RSW − RWW shown in the first row in both panels, reveals that there are many years with significant τs for some sites. For example, the τs were statistically significant in 29 out of 29 comparisons in the N-Plateau, and among the 29, the minimum was 0.6 and the maximum was 1. This means that the ranking of RCMs are very similar for RSW and RWW.
In general, the highest rank consistencies were achieved when rainfed cropping or irrigated cropping options were compared (rows 1 and 6 in each panel). Rank comparisons of rainfed with irrigated cropping options (rows 2 through 6) were much less consistent. This shows that RCMs exhibit more consistency among projections with the same crop but a different management option than among simulations with different crops. From the comparison of RSW, RWW and ISW, a number of significant τs were obtained (p < 0.1). In the future period (2071−2100, Table 4 ), if we compared RSW and ISW, there were 28 significant τs in the NW-Coast, 26 in the NWinland, and 23 in the NE. In the present climate, there were also 29 in the NW-Coast and 15 in S-Valley 2. In general, the consistency of the rankings of RCMs for future climate (Table 4) was lower than for the period 1961−1990. For rainfed wheat, the consistency remained high, but lower than for the current climate.
This highlights the difficulty in simulating the large spatial variability of rainfall in A2, in agreement with Giorgi et al. (2004) and Sánchez et al. (2004) . The ranking consistency was higher between RSW and the same cropping option with irrigation, for future climate in the NW-Coast (28 out of 29 instances), NW-Inland (26 out of 29) and NE (23 out of 29). In these areas, the effects of water shortage under rainfed conditions were likely smaller (smaller decrease in precipitation; Giorgi et al. 2004 , therefore, the difference between the responses of rainfed and irrigated cropping options was also smaller.
In maize, the number of significant cases (p < 0.1) was much lower than for wheat (results not reported). Moreover, τ reached negative values in many instances, indicating that the rankings of RCMs were arranged in the reverse way when 2 sites were compared. These results point to a different seasonal response of RCM rankings and therefore, ensemble inconsistency.
Rankings of RCMs (i.e. rankings of yield projections driven by each RCM data) were also used to analyse the positions held by the members of the ensemble, in order to investigate the spatial consistency of the ensemble. Comparing rankings of RCMs between 2 sites and the same cropping option ( RSW, pointing to a positive relation between rankings of RCMs. The SE-Coast was the site in which RCMs differed the most for all cropping options as regards the arrangement of models depending on their yield (the ocean influence of the climate data could be related to this result). ISW was the cropping option which achieved the greatest correspondence for the rankings of different sites, with a large number of significant instances (p < 0.1 in many cases) for all comparisons and τs (close to 1 in many cases, for both periods). This was also the cropping option that best avoided eventual limitations of water stress (as opposed to rainfed), crop duration (as opposed to maize), and vernalisation requirements (as opposed to winter wheat); and the results were coherent with this. Differences among en semble members were maintained constant across sites as shown by the greater cor respondence in rankings of different sites for ISW. Nevertheless, this cropping option showed the greatest uncertainty in the analyses carried out by Ruiz-Ramos & Mínguez (2010) , where reducing uncertainty of projections was highlighted as a priority for this reference crop. This new finding may help identify causes of its greater uncertainty because the ensemble presents greater differences among members that do not depend on site. Table 6 shows τ values from the analyses of consistency of the ensemble applied to the change in crop yield, analysing the rankings of impacts by means of Δs. Comparisons were made between rankings for 2 wheat cropping options in each site. τ values were low for most sites, and negative in a lot of cases. This means that the consistency of the rankings is generally low, so ensemble members do not arrange in a similar way for the different wheat cropping options. Also, there were only 10 significant cases (p < 0.1) out of the 42 comparisons made. The highest values of τ were those resulting from the comparison between RSW and ISW in the NW-Coast (0.822) and NW-Inland (0.733), so the correspondence between the rankings was higher in these cases. 
(28) (25) (28) 
Behaviour of individual RCMs applied to the IP
For a given site and cropping option, the 3 members of the ensemble that most frequently appeared in the 3 first positions in the annual RCM rankings were chosen for the study of the rankings. The same was done for those occurring most frequently at intermediate positions, and also at the end positions (Table 7) . Table 7 shows the number of sites where each member of the ensemble of yield projections appeared at a specific rank with a higher frequency. Thus, for example, in the present climate, the ensemble member obtained with ARPEGE data (in 9 out of the 12 sites) along with HadRM3P (in 7 out of the 12 sites) were the ensemble members providing lower maize yields and standing in the lowest ranking positions. For the same period, PROMES and RCAO were in the highest ranking positions in 6 out of the 12 sites under study. For the future climate, RACMO and CLM were in intermediate positions in most of the sites. The projections resulting from PROMES were lowest in the ranking for all the sites under study, both for rainfed and irrigated wheat cropping options. This contrasts with the case of maize, highlighting a different response of PROMES for winter and summer projections. Under rainfed conditions, ARPEGE were in the upper positions in most sites (except for N-Plateau and NW-Inland) for both periods. RegCM was also found among the first positions, except for the NW-Coast.
As with spring wheat, PROMES was in the lowest ranking positions in most sites for winter wheat. Under rainfed conditions, the highest yields were obtained with the model ARPEGE in 5 out of the 6 sites. Nevertheless, irrigated cropping options did not show a clear trend. Results given by REMO were at intermediate positions both for RWW IWW cropping options for most sites; projections obtained with RegCM were first in rainfed and irrigated wheat cropping options, except for the NE-Valley. (See  Appendix Tables A1-A3 for further information).
The ranges of variation in temperature, precipitation and crop yield projected for Spain by the ensemble members are very wide. Ranges for mean temperature and precipitation changes span 2 to 4°C in winter and 4 to 7 °C in summer, and −50 to +10% in winter and −50 to −25% in summer, respectively. All crop yields vary from −50 to +100% (Mínguez et al. 2007) . These large ranges make direct interpretation of results difficult. Table 8 shows qualitative information on the main differences found in simulated climate and crop yield changes. This table was built by combining the interpretation of our own work with the results shown in , Déqué et al. (2007) and Jacob et al. (2007) . It attempts to explain the behaviour of each member of the ensemble as regards their yield projections and impacts. The projections on rainfall variation in the future climate did not affect the estimated yields for Table 6 . Degree of consistency of the impact ensemble: comparison of rank correlation coefficients (Kendall's Tau, τ) for delta rankings between wheat cropping options pairs. Bold: significant irrigated cropping options; therefore, the evolution of temperature bore a greater influence on the yield projections for 2071−2100 in these instances. Coherence of climate, yield and impact projections was analysed as shown in Table 8 , which offers a qualitative assessment of whether RCMs projecting warmer temperatures and greater precipitation decreases lead to greater relative yield decreases. The coherence level expresses whether agronomic projections are related to temperature and precipitation projections. For instance, the decrease in yield in an irrigated crop grown during summer should not be very large if warming is low (irrespective of the precipitation change, because irrigation compensates for this). It is a qualitative assessment based on 2 variables (temperature and precipitation projections): if there is coherence in temperature and precipitation changes with yield change, then coherence level is characterised as high; if there is coherence only in temperature or precipitation, then coherence is moderate; and finally, if there is no coherence in either temperature or precipitation, coherence is low. The last case may point to the existence of other factors driving the impact, which may not have been considered here, e.g. extreme events.
In the case of ARPEGE, rainfed crops were less affected by water stress because projections in rainfall do not diminish markedly and temperatures do not increase as in other RCMs. For CHRM, lower warming projections might lessen yield decrease for irrigated crops, so this member projects higher yields for irrigated crops, while a great drop in rainfall would decrease rainfed yields. Similar to ARPEGE, CHRM is in the first positions of the ranking for the yield impact on maize. For CLM, a smaller rise in temperatures reduced the increase of evapotranspiration (ET) in crops, favouring yield in rainfed conditions, but the coherence across crops and sites was only moderate. For HadRM3P, irrigated winter crops were favoured by milder winters, but rainfed ones were affected by a decrease in rainfall. Maize was affected by high spring and summer warming. For HIRHAM, coherence was moderate and clear trends were found only in summer when irrigation excluded precipitation from the analysis. For RegCM, smaller decreases in rainfall favoured rainfed crops, and milder warming also favoured irrigated cropping options. For RACMO, higher warming and rainfall decrease should have been translated into lower yield for all crops, but this was not the case, with impact being close to the ensemble mean. This result points to other factors driving the final impact, e.g. the frequency or intensity of extreme values of maximum temperature and water deficit periods, which are not addressed here. RACMO was also the RCM showing the lowest co herence in the IP. For REMO, winter wheat benefited from milder winter temperatures because of its longer crop growth duration cycle as compared to spring wheat; this longer cycle could have compensated for the shortening of its crop duration due to warming. This was not the case for the other cropping options. For PROMES, the results were coherent for winter cropping options but not for maize, suggesting that other factors (e.g. extreme values as mentioned for RACMO) were driving the summer impacts. For RCAO, the values of warming temperatures, which were close to the ensemble mean, were driving yield projections, which were also close to the mean of the impact ensemble. Impact projections evidenced the differences among the RCMs and permitted assessment of their existing variability and coherence. Five out of 10 ensemble members showed high coherence across cropping options and sites, and only one showed low coherence. This can be related to the 'climate sensitivity' of the RCMs that make up the ensemble, since some of the members can be particularly sensitive to a rise in temperature or a change in rainfall . However, for some RCMs, other factors need to be considered to explain climate and impact projections, as it was shown for the PROMES and RACMO models. Thus, the analysis shown here constitute a feedback for climate modelers, enhancing dif ferences among RCMs through impact responses which help to isolate or quantify partial aspects of climate. (6) HadRM3P (7) A2 12 RegCM (8), CHRM (7), RACMO (8), CLM (7) REMO (10), HadRM3P (7) PROMES (7) Rainfed Control 12 RegCM (11), ARPEGE (10), RCAO (9) PROMES (12), REMO (7) spring wheat CLM (8) A2 12 RegCM (11), ARPEGE (9), HIRHAM (9), RCAO (8) PROMES (11), HadRM3P (8) CLM (7) Irrigated Control 12 RegCM (11), CHRM (9), RACMO (7) PROMES (12), CLM (7), spring wheat HadRM3P (7) REMO (7) A2 12 RegCM (11), HadRM3P (10), CLM (11), RCAO (9), PROMES (12), REMO (9), CHRM (7) RACMO (7) HIRHAM (7) Rainfed Control 6 ARPEGE (5), RegCM (5) REMO (5) PROMES (6) For winter wheat, both for rainfed and irrigated conditions, the number of sites is only 6 instead of 12. Simulations in southern Spain were not included since this crop is currently not sown there because vernalisation requirements are not fulfilled Table 7 . Ranking analyses results showing ensemble members which most frequently appeared in the first positions of the ranking (rank < 4), in the middle positions (4 ≤ rank ≤ 7) and in the last positions (rank > 7) among all possible sites. Parentheses: number of sites in which the ensemble member appeared in that position for each cropping option Smaller decreases than the rest of RCMs in spring and in winter, along with RegCM and RCAO.
Greater yield values than the rest of RCMs for rainfed wheat.
In the first 3 rank positions for maize for most sites.
HIGH CHRM Lower warming than most of the RCMs, especially in winter.
Highest drop in all seasons. Along with HadRM3P, highest drop in winter.
Greater yields than the rest of RCMs for irrigated crops.
The fifth rank position and above for maize. Last position for irrigated winter wheat.
HIGH CLM Similar to CHRM. Lower warming than most of the RCMs, especially in spring and autumn.
Projections close to the ensemble mean.
1st positions in rainfed wheat. Intermediate positions in the ranking for spring maize and wheat under irri-gation. End posi-tions for irrigated winter wheat.
The fifth rank position and above for rainfed winter wheat and for maize in most sites.
MODERATE
HadRM3P
High warming in winter, autumn and spring.
Highest drop in winter, along with CHRM.
End positions in the ranking in rainfed cropping options and in maize. 1st positions for irrigated wheat.
Last rank positions for maize and rainfed winter wheat in most sites.
HIGH HIRHAM Low warming in summer.
Lowest drop in spring and in summer.
Intermediate positions in the ranking, except for irrigated spring wheat, which takes the last positions in many sites.
Medium impacts for maize and rainfed winter wheat.
MODERATE RegCM
Low warming in summer and winter.
A drop usually lower than the ensemble mean, especially in autumn.
1st positions in the ranking for all crop options.
2nd position for maize in Plateau and Centre. Over the fourth rank position for irrigated spring wheat. In the last rank positions for rainfed winter wheat.
HIGH RACMO Higher warming than the ensemble mean in all seasons.
High drop in all seasons.
Average values in all instances.
In the upper part of the ranking for rainfed spring wheat in most sites. Below the 6th rank position for maize in most sites.
LOW REMO High warming especially in winter.
Close to the ensemble mean in all seasons, over the mean in autumn.
End positions for spring wheat and maize. Intermediate positions for winter wheat.
Last rank position for maize and irrigated wheat (all irrigated crops) MODERATE PROMES Higher warming than the ensemble mean, especially in summer.
Lower drops than the ensemble mean in spring and summer.
End positions in the wheat ranking. 1st positions for maize.
First rank positions for winter wheat and rainfed spring wheat.
MODERATE RCAO Close to the ensemble mean.
Lower drops than the ensemble mean in winter.
Average values. Intermediate rank positions for irrigated spring wheat. The adaptation strategy identified for maize consisted of a change in variety and an earlier sowing date of ~2.5 mo. The adapted variety (PRUAD1) has longer growth duration, and is particularly dif ferent in having a lesser photoperiod sensitivity, a longer thermal period for leaf appearance, and mainly a longer grain filling duration. Kernel growth and cob kernel number are the same. Characteristics of crop varieties such as the above are described through 'genetic coefficients' in CERES models. Genetic coefficients of PRUAD1 and those of the variety used in the impact simulations (PRU001) are presented in Table 9 . PRU001 has a cycle equivalent to an FAO 700 cycle (this term refers to the classification of maize varieties adopted by the FAO. Hybrids are classified in 9 classes from 100 to 900 from shorter to longer crop cycle; López-Bellido 1991) while PRUAD1 has a longer cycle. PRUAD1 is an ideotype (i.e. a feasible target cultivar or plant type) proposed to orient breeding or selection programmes. Fig. 3 shows the percentage variation in maize yield between both periods (1961− 1990 and 2071− 2100) , with and without the above-mentioned adaptation. In sites where yield already increased, adaptation brought a further increase. Moreover, in sites where a drop in yield was projected as a result of CC, adaptation diminished the yield de crease. The adaptations described bring forward the sowing date, so the crop will grow in a period with more favourable temperatures period, increasing the duration of the vegetative phase and, especially, the grain filling period, thus increasing yield. Hence, the change to a variety that is more adapted to future climate conditions diminished negative effects in all instances. The maize yield was higher in all the sites if adaptation strategies were carried out (Table 10) , with an increase of 29% in SW-Inland. The variability in yield was similar in projections without adaptation and only in the NE-Valley area was the variance found to be significantly greater without adaptation.
HIGH
These results display the benefits of adaptation, which reduced (increased) the negative (positive) effects of CC on crops. The change in sowing date could necessitate a reorganisation of the cropping system and should be addressed in further studies. Crops sown before maize in traditional crop se quences or rotations may have to change as well, and repercussions will have to be assessed at farm and agricultural system levels. Consequently, seasonal land- Table 9 . Genetic coefficients for representative maize varieties used for impact (PRU001) and adaptation simulations (PRUAD1) in the CERES-maize model. ECO no.: cultivar code; P1: thermal time from emergence to the end juvenile phase (degree days above a base temperature of 8°C); P2: development delay (expressed in days) due to photoperiod; P5: thermal time from silking (≈flowering) to physiological maturity (degree days above a base temperature of 8°C); G2: maximum number of kernels per plant; G3 is kernel filling rate during the linear grain filling stage under optimum conditions (mg d −1 ); PHINT: phylochron interval (thermal time between between successive leaf tip appearances, in degree days) Fig. 3 . Yield variation (Δ in %) in maize between the current and future climate: analysis of climate change impacts without and with adaptation scapes will be affected. Adaptation simulations used here were designed to represent potential yield, so the actual benefit is expected to be lower. The adaptation design did not refer to an existing variety, but to a feasible ideotype, to provide clues for crop breeders in developing adapted varieties in the future. Finally RCM rankings were made for the Δs, representing the yield differences between current and future climate. The RCM rankings for the case with no adaptation and the rankings for the crop adaptation scenario were compared using the Kendall τs (Table 11) . Values of τ were high (> 0.7, p < 0.05) in the NW, NE and plateau locations, but low and insignificant in all the southern locations. This means that the ensemble performs more predictably in guiding adaptation strategies in northern locations (less warm, less arid) than in southern locations.
CONCLUSIONS
A large amount of work has been invested by the climate science community in recent years to envisage future climate conditions (Pro jects PRUDENCE, EN SEMBLES at http:// ensembles-eu. metoffice. com/, PESETA at http:// peseta. jrc. ec. europa. eu/, Moss et al. 2010) . These projects represent a significant advance; however, projections are still subject to a high degree of uncertainty in climate. More uncertainty is added when using these climate projections in impact analysis. The current results on the variability of models showed that projections from impact-climate ensemble members were very different for the same cropping option and site.
The main components of the variance among the members of the ensemble of climate for the IP are different for each climate variable and season (Dequé et al. 2007 ). For temperature, most of the variance in winter is explained by the driving GCM, followed by scenario and RCMs in similar percentages. In summer, both scenario and GCM explain similar percentages of the variance. For precipitation, RCM, scenario and GCM explain similar percentages of the variance in winter, while the percentages are slightly larger for GCM and RCM in summer.
In our analysis, we tested the discrepancies among RCMs for only one scenario (A2). Inconsistencies in simulations for irrigated crops would be mainly explained by the driving GCM for the cases when it this GCM is different. When this was not the case, inconsistencies shown here are only explained by the RCM. For rainfed simulations, the GCM influence is smaller because precipitation variance also depends on RCMs. Thus, in this work, the discrepancies shown by ARPEGE and RCAO would be mainly due to the driving GCM for irrigation projections, and to both GCM and RCMs for rainfed projections. For the rest of the ensemble, only the influence of RCMs could be studied, as they shared driving conditions. Jacob et al. (2007) concluded that the results of the RCMs for today's climate have been carefully validated against independent data sets, mainly the CRU data which made possible their application in many impact studies, including Castro et al. (2007) Table 10 . Difference in potential yield between adaptation ('With') and nonadaptation ('Without') during the period 2071−2100 (A2 scenario) in each site (Δ in %; 280 cases without adaptation; 279 with adaptation); the varia tion coefficient (%) for each case; and the results from the variance com parison test (column shows case with greatest variance). Bold: significant (p ≤ 0.01) , Graham et al. (2007) , and Halsnaes et al. (2007) , among others. However, the consistency with observations is not perfect, and our paper attempts to analyse the consequences of the systematic biases also analysed by Jacob et al. (2007) . Moreover, the consistency among RCMs is also far from perfect, so an ensemble of climate models has to be used to consider this uncertainty. This is possible because the signal from the whole PRUDENCE ensemble is significant (Déqué et al. 2007 ).
The consistency in yield projections that were assessed with the rank correlation coefficient (Kendall's τ) was high for spring and winter wheat, both rainfed and irrigated. The sites where consistency was higher were: N-Plateau, NE-Valley, NW-Inland, Centre and NE, in that order. Projections seemed more consistent with one another in the control period than in future climate. The northern half of the IP, where water deficit was smaller, displayed greater consistency, as well as sites with similar climate features. The greatest disparity was found in sites with ocean influence (NW-Coast differed the most from the rest of the study sites). Maize, representing a summer cropping option, showed a different response than wheat, which accounts for the low consistency achieved between both crops, and highlights the different seasonal effects of CC. In particular, the high consistency results for ISW ruled out site as a source of the high uncertainty previously reported by RuizRamos & Mínguez (2010) for this crop. This is a step further in reducing uncertainty related problems.
The study of the rankings of impacts, i.e. changes in crop yields, revealed that the consistency is low for almost all comparisons made (the rankings of Δs of 2 different wheat cropping options for the same site are not very similar). This analysis established the position of each ensemble member, based on the projected yield for each site and cropping option. RCMs projecting greater future warming in the IP, or a greater decrease in rainfall, were those that generally showed lower yield than the rest of the members of the ensemble. The increase in temperature in the various seasons of the year affected each crop differently because their growth periods were different. Δ rankings afforded a different set of comparisons among ensemble members, as the analyses looked at projected changes and not absolute crop yields. In general, Δ rankings are less consistent than rankings based on crop yields. This means that the ensemble's internal consistency is quite low and that uncertainty in crop projections is still considerable. In the 2071− 2100 period, various cropping options showed an increase in yield in most sites when irrigation requirements were met (Mínguez et al. 2007 , RuizRamos & Mínguez 2010 . Nevertheless, this assumption may not hold in most instances (Bates et al. 2008) ; therefore, yield increases due to CC could be limited for irrigated crops if water shortages occur. It is thus essential to note that this study is solely based on a yield analysis, with no water or nutrient shortage, nor with diseases or pests.
Some adaptations will be autonomously adopted by farmers, but changes in cropping options that imply seasonal or more drastic changes to traditional cropping patterns may need some support or advice from regional or local governments. Our results are ambiguous with respect to variance comparisons, although adaptation clearly improves yield projections. Rankings of Δs for adaptation ef fects were systematically more consistent for summer crops in the northern than in the southern locations. 
